Calcium ions (Ca 2þ ) are involved in a number of physiological cellular functions including apoptosis. An elevation in intracellular levels of Ca 2þ in A23187-treated HL-60 cells was associated with the generation of both intracellular and extracellular reactive oxygen species (ROS) and induction of apoptotic cell death. A23187-induced apoptosis was prevented by cyclosporin A, a potent inhibitor of mitochondrial permeability transition (MPT). The generation of extracellular ROS was suppressed by the NADPH oxidase inhibitor diphenylene iodonium, and by superoxide dismutase, but these agents had no effect on A23187-induced apoptosis. In contrast, the blocking of intracellular ROS by a cell-permeant antioxidant diminished completely the induction of MPT and apoptosis. In isolated mitochondria, the addition of Ca 2þ induced a typical MPT concomitant with the generation of ROS, which leads to augmentation of intracellular ROS levels. These results indicate that intracellular not extracellular ROS generated by A23187 is associated with the opening of MPT pores that leads to apoptotic cell death.
Calcium ions (Ca 2þ ) are involved in a number of physiological cellular functions including apoptosis. An elevation in intracellular levels of Ca 2þ in A23187-treated HL-60 cells was associated with the generation of both intracellular and extracellular reactive oxygen species (ROS) and induction of apoptotic cell death. A23187-induced apoptosis was prevented by cyclosporin A, a potent inhibitor of mitochondrial permeability transition (MPT). The generation of extracellular ROS was suppressed by the NADPH oxidase inhibitor diphenylene iodonium, and by superoxide dismutase, but these agents had no effect on A23187-induced apoptosis. In contrast, the blocking of intracellular ROS by a cell-permeant antioxidant diminished completely the induction of MPT and apoptosis. In isolated mitochondria, the addition of Ca 2þ induced a typical MPT concomitant with the generation of ROS, which leads to augmentation of intracellular ROS levels. These results indicate that intracellular not extracellular ROS generated by A23187 is associated with the opening of MPT pores that leads to apoptotic cell death.
Key words: apoptosis; calcium; reactive oxygen species; mitochondrial permeability transition; NADPH oxidase A number of physiological cellular functions are regulated through Ca 2þ -mediated signaling. Mitochondria have been found to play a pivotal role in Ca 2þ signaling and Ca 2þ homeostasis. 1 ) Ca 2þ appears to activate mitochondrial enzymes involved in energy metabolism, 2) and hence mitochondrial Ca 2þ uptake is an important signal under normal conditions. On the other hand, apoptosis is thought to be brought about by a loss of Ca 2þ homeostatic control induced by pathological conditions, such as ischemia reperfusion injury 3) and chronic neurodegenerative diseases. 4, 5) Under these conditions, cytosolic Ca 2þ overload also increases the generation of intracellular reactive oxygen species (ROS). In contrast, phagocytes such as neutrophils produce large amounts of extracellular ROS in response to various stimuli through the activation of NADPH oxidase. 6) Sustained generation of NADPH oxidasederived ROS has been reported to be associated with phagocytosis-induced apoptosis. 7) In both cases, mitochondria sense these signals and irreversibly commit cells to apoptosis by releasing into the cytosol mitochondrial proapoptotic proteins such as cytochrome c, 7, 8) but the precise molecular mechanism of apoptosis by Ca 2þ and Ca 2þ -induced ROS is not fully understood.
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3) MPT is thought to consist of modified and assembled inner and outer membrane components, including the voltage-dependent anion channel, adenine nucleotide translocase (ANT), cyclophilin D (CypD), and hexokinase.
3) The typical MPT, characterized by a decrease in mitochondrial membrane potential (ÁÉm), is induced by Ca 2þ in the presence of inorganic phosphate (Pi) and a respiratory substrate via a cyclosporin A (CsA)-sensitive mechanism, and is attributed to the opening of an unselective pore of high conductance in the inner mitochondrial membrane.
3) Ca 2þ -induced MPT appears to be accompanied by transient generation of ROS, including hydrogen peroxide (H 2 O 2 ). 9, 10) A23187, a calcium ionophore, increased the cytosolic free calcium concentration ([Ca 2þ ] i ) and induced apoptosis in several cells. [11] [12] [13] [14] [15] [16] In hepatocytes, A23187 induced apoptosis through a depolarization of ÁÉm via a CsA-sensitive mechanism, 11) Also, A23187 stimulated the generation of ROS in some types of cells, such as human keratinocytes and cardiac myocytes. 17, 18) Recently we found that ROS were generated in undifferentiated HL-60 cells through the activation of NADPH oxidase in response to various stimuli, including A23187. 19) From these evidence we predicted that A23187 would increase apoptosis of HL-60 cells by generating ROS through two pathways, activation of NADPH oxidase and MPT, via an increase in [Ca 2þ ] i . Hence, we studied the mechanism of A23187-induced apoptosis in HL-60 cells to elucidate the involvement of ROS generated by MPT or the activation of NADPH oxidase, and found that A23187 induces apoptosis through oxidative stress via CsA-sensitive MPT, not NADPH oxidase.
Materials and Methods
Chemicals. A23187, CsA, cobaltous chloride, DPI, PDTC, SOD, HRP, and RPMI 1640 medium were obtained from Sigma (St. Louis, MO). Fura-2-AM, calcein-AM, DHE, and Amplex Red were purchased from Invitrogen (Carlsbad, CA). The anti-cytochrome c antibody was obtained from BD Biosciences (San Jose, CA). L-012 was provided by Wako Pure Chemical Industries (Osaka, Japan). Fluorogenic tetrapeptide substrates and z-VAD-fmk were purchased from the Peptide Institute (Osaka, Japan). Bongkrekic acid was kindly donated by Dr. Yasuo Shinohara (University of Tokushima). All other chemicals were of analytical grade and were obtained from Nacalai Tesque (Kyoto, Japan).
Cell culture. HL-60 human promyelocytic leukemia cells were maintained in RPMI 1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. 20) The fluorescence intensity of Fura-2-loaded HL-60 cells (5 Â 10 5 cells/ml) was measured (excitation, 340 nm; emission, 500 nm) with a calcium analyzer (Jasco CAF-110, calcium mode) at 37 C and was calculated from the equation proposed by Tsien.
Measurement of [Ca

21)
Assay for generation of ROS. The amount of extracellular ROS generated was measured using a highly sensitive chemiluminescence (CL) probe, L-012.
22) The cells were incubated in PBS containing 1 mM CaCl 2 , 10 mM glucose, and 100 mM L-012 at 37 C. During incubation, the CL intensity was recorded continuously using an Intercellular Ion Analyzer (Jasco CAF-110, CL mode).
The amount of intracellular ROS generated was measured using a membrane permeable oxygen radical-sensitive fluorescent probe, DHE. After treatment with 1 mM A23187 for 15 min, the cells were washed with PBS and stained with 10 mM DHE for 15 min at 37 C in the dark. The fluorescence intensity of DHE was acquired with a flow cytometer (FACScan, BD Biosciences; excitation, 488 nm; emission, 575 nm) and analyzed with Cell Quest software.
The generation of ROS from mitochondria was assayed based on the intensity of the CL of L-012, as described previously. 23) The amount of H 2 O 2 generated in the mitochondria was measured with a fluorescence spectrophotometer (Hitachi 650-10LC) using an Amplex Red/HRP system.
23)
Assay for caspase activity. The activities of caspase-3 and caspase-9 were measured by spectrofluorometry using synthetic substrates, as described previously. 24) The cell lysate was incubated at 37 C for 1 h with reaction buffer containing 10 mM of either Ac-DEVD-MCA or Ac-LEHD-MCA for caspase-3 and -9 respectively. One unit was defined as the amount of enzyme required for the liberation of 1 nmol of substrate during 1 h of incubation at 37 C.
Assay for MPT pore opening and ÁÉm in HL-60 cells. The opening of MPT pores in HL-60 cells was assessed by the calcein loading-Co 2þ quenching technique with slight modifications, based on the methods described by Petronilli. 25) Briefly, cells were loaded with 1 mM calcein-acetomethoxy ester for 30 min at 37 C in RPMI 1640 medium containing 1 mM CoCl 2 . After being washed with PBS, the cells were resuspended with RPMI 1640 medium. Then they were pretreated with various reagents for 30 min at 37 C prior to incubation with 1 mM A23187 for 4 h. The fluorescence intensity of calcein was measured with a flow cytometer (FACScan; excitation, 488 nm; emission, 530 nm) and analyzed using Cell Quest software. The ÁÉm in the HL-60 cells was measured using mitochondrial specific fluorescence probe JC-1. After being treated as indicated, the cells were washed with PBS, and then stained with 5 mg/ml of JC-1 for 30 min at 37 C. Free JC-1 was washed off with PBS, and the cells were resuspended in PBS. The fluorescence intensity of both monomeric and aggregated JC-1 molecules was acquired with a flow cytometer (excitation, 488 nm; emission, 530 nm for FL1 and 575 nm for FL2), and analyzed using Cell Quest software.
Evaluation of apoptotic cell death. The extent of DNA fragmentation was determined spectrophotometrically by the diphenylamine method.
26) The rate of DNA fragmentation was calculated as the percentage of DNA in the supernatant. The formation of a DNA ladder was observed by agarose gel electrophoresis. 27 ) DNA bands were visualized under ultraviolet illumination and photographed on Polaroid 667 film. The cells were centrifuged onto slides by the Cytospin system (Kubota, Tokyo, Japan), and then cell morphology was observed under an optical microscope following May GrunwaldGiemsa staining.
Isolation of rat liver mitochondria. Male Wistar rats weighing 200 g were used in the experiments after overnight fasting. The liver was homogenized in a 250 mM sucrose solution containing 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA at 4 C. Mitochondria were isolated by the method of Hogeboom 28) using sucrose density gradient centrifugation.
Analysis of cytochrome c release. The release of cytochrome c from mitochondria was analyzed as described previously. 29) After being washed with PBS, HL-60 cells (1 Â 10 7 cells) were suspended in buffer A (250 mM sucrose, 20 mM HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and 0.1 mM PMSF) and homogenized in a glass dounce homogenizer. The mitochondrial fraction and the cytosolic fraction were collected by centrifugation. The fractions were mixed with SDS-sample buffer and subjected to SDS-PAGE, followed by immunoblotting using monoclonal anti-cytochrome c antibody. Immunoreactive bands were visualized using the ECLplus detection system (Invitrogen).
Statistical analysis. Results were expressed as means AE standard deviation from at least three independent experiments. Statistical analysis was done by unpaired Student's t-test. A value of p < 0:05 was considered statistically significant. death in HL-60 cells. A23187 induced fragmentation of cellular DNA in a time-and concentration-dependent manner ( Fig. 2A and B) . A kinetic analysis revealed that the fragmentation became apparent at 2 h after incubation with 1 mM A23187. Following a large increase at 4 h, the DNA fragmentation further increased for up to 24 h ( Fig. 2A) . As shown in Fig. 2C , A23187 induced characteristic features of apoptosis, including cell shrinkage, chromatin condensation, and nuclear fragmentation. A DNA ladder was also observed on agarose gel electrophoresis (Fig. 2E ). To gain an insight into the mechanism of A23187-induced apoptosis in HL-60 cells, we tested the effects of CsA, a potent inhibitor of MPT, EGTA, a calcium chelator, and z-VAD-fmk, a broad-spectrum caspase inhibitor. All of these reagents strongly inhibited DNA fragmentation, indicating that A23187-induced apoptosis might occur through the induction of Ca 2þ -dependent MPT followed by activation of caspases ( Fig. 2D and E) .
Results
The [Ca
A23187 caused induction of MPT coupled with depolarization in HL-60 cells
The term MPT refers to the opening of pores in the inner mitochondrial membrane, which allows the passage of diffusing solutes smaller than 1.5 kDa, leading to depolarization due to an inability to conduct oxidative phosphorylation. To ascertain the possible involvement of MPT in the process of A23187-induced apoptosis, we measured the opening of MPT pores and ÁÉm in intact cells by flow cytometry. Open MPT pores were detected by the calcein loading-Co 2þ quenching technique. As shown in Fig. 3A , the treatment of cells with A23187 resulted in a decrease in calcein fluorescence intensity due to the opening of MPT pores (panel b in A), as indicated by the absence of a decrease in fluorescence in the presence of CsA (panel c in A).
A similar experiment was carried out to detect ÁÉm in HL-60 cells loaded with JC-1, a potentiometric fluorescent probe (Fig. 3B ). The addition of A23187 also caused a decrease in JC-1 fluorescence intensity, to almost the same extent as that displayed by the change in calcein fluorescence (panel b in B). CsA did not affect untreated cells (data not shown), but strongly inhibited the decrease in JC-1 aggregates in A23187-treated cells (panel c in B). These results indicate that A23187 induced the opening of MPT pores accompanied by a decrease in ÁÉm in situ.
A23187-induced release of cytochrome c and activation of caspases in HL-60 cells and sensitivity to CsA
The opening of MPT pores triggers the release of cytochrome c from mitochondria into the cytoplasm. 3, 8) As expected, a significant fraction of the mitochondrial cytochrome c was released into the cytosol by treatment with A23187. Furthermore, this release was inhibited by pretreatment with CsA (Fig. 4A) . Since cytochrome c is a key molecule in the activation of the caspase cascade, we proceeded to measure caspase-like protease activities using specific substrates. Treatment of cells with A23187 induced significant activation of caspase-3. Although the activity of caspase-9 was weaker than that of caspase-3, the rate of increase was similar (caspase-9, 6.7 fold; caspase-3, 7.8 fold). The activities of these caspases were almost completely suppressed by the The scale bars represent 10 mm. D, Effects of various reagents on DNA fragmentation. Cells were pretreated with various reagents for 1 h and then treated with 1 mM A23187 for 4 h. CsA, EGTA, and z-VAD-fmk were used at concentrations of 1 mM, 0.5 mM, and 20 mM respectively. E, DNA ladder formation and its sensitivity to CsA. A DNA ladder was induced by incubation with 1 mM A23187 for 4 h in the presence or absence of 1 mM CsA. The DNA ladder was observed by agarose gel electrophoresis. Similar results were obtained in three independent experiments. Ã p < 0:05 as compared with A23187 alone. pretreatment with CsA (Fig. 4B) . These results indicate that cytochrome c from mitochondria, with subsequent activation of caspases, might be involved in A23187-induced apoptosis through induction of MPT via an increase in [Ca 2þ ] i .
A23187 stimulated extracellular ROS generation in HL-60 cells
Accumulated evidence indicates that ROS play an essential role in apoptosis induced by various stimuli. 7, 8) Differentiated HL-60 cells have been reported to generate superoxide following activation of NADPH oxidase by stimuli such as A23187. [30] [31] [32] However, we recently demonstrated that in undifferentiated HL-60 cells, ROS were generated in a NADPH oxidasedependent manner in response to various drugs. 19) As shown in Fig. 5A , A23187 caused a concentrationdependent increase in ROS, as assessed with the CL of L-012, a cell-impermeable probe that is highly sensitive to ROS. An inhibitor of flavoenzymes such as NADPH oxidase, diphenylene iodonium (DPI), suppressed the A23187-induced CL of L-012 in a concentrationdependent manner (Fig. 5B) . Furthermore, this change in CL was inhibited in the presence of superoxide dismutase (SOD), the enzyme responsible for scavenging superoxide anions, but pretreatment of cells with the cell-permeable thiol antioxidant pyrrolidine dithiocarbamate (PDTC) or with CsA had little effect on the A23187-induced CL of L-012 (Fig. 5C ). These results indicate that treatment of undifferentiated HL-60 cells with A23187 induced the generation of ROS through activation of NADPH oxidase.
A23187 stimulated intracellular ROS generation in HL-60 cells
Using the oxidation-sensitive fluorescence probe DHE we investigated to determine whether A23187 would stimulate the generation of intracellular ROS as well as extracellular ROS (Fig. 6) . Treatment of cells with A23187 resulted in a marked increase in ROS (panel b), whereas the presence of CsA abolished this effect (panel e). Moreover, this increase was almost completely inhibited by pretreatment with PDTC (panel f). In contrast, neither DPI nor SOD had an appreciable effect on the increase in intracellular ROS levels induced by A23187 (panels c and d respectively). These findings indicate that both extracellular and intracellular ROS were generated simultaneously in HL-60 cells treated with A23187 through distinct mechanisms.
Blocking of intracellular ROS associated with MPT prevented A23187-induced DNA fragmentation
To determine whether extracellular or intracellular ROS contributes to the induction of A23187-induced apoptosis, we measured the effect of various reagents on DNA fragmentation in HL-60 cells (Fig. 7A) . Neither DPI nor SOD prevented A23187-induced DNA fragmentation, in spite of their strong inhibitory effects on the rise in CL induced by A23187. Although the concentration of DPI we used had no cytotoxic effect on untreated cells, the DNA fragmentation induced by A23187 was accelerated by the addition of DPI (p < 0:05). In contrast, strong inhibition of A23187-induced DNA fragmentation was observed in cells pretreated with CsA or PDTC that decreased the level of intracellular ROS, but not that of extracellular ROS. Similarly, flow cytometry showed that A23187-induced MPT (Fig. 7B, panel HL-60 cells were incubated in PBS containing 10 mM glucose and 100 mM L-012 at 37 C, and ROS generation was monitored by the change in CL intensity of L-012. A, Concentration-dependent generation of ROS by A23187 in the presence of 1 mM Ca 2þ . B, Effect of DPI on A23187-induced ROS generation. DPI was added at the concentrations indicated before stimulation of A23187. C, Effects of various reagents on the A23187-induced rise in L-012 CL. DPI, SOD, CsA, and PDTC were used at concentrations of 5 mM, 10 U/ml, 1 mM, and 20 mM respectively. Similar results were obtained in three independent experiments. Ã p < 0:05 as compared with A23187 alone. pressed by PDTC (panel f) as well as CsA (panel e), suggesting that an antioxidant-sensitive pathway is involved in the process. In contrast, no significant effects were observed in the presence of DPI or SOD (panels c and d respectively). These results suggest that A23187-induced apoptosis might be regulated by intracellular ROS-mediated oxidative stress accompanied with MPT, but not extracellular ROS.
Ca
2þ -Induced mitochondrial MPT coupled with ROS generation Since A23187 increased [Ca 2þ ] i and induced MPT in HL-60 cells, it was expected that mitochondria are the major source of intracellular ROS coupled with MPT. Figure 8A shows the augmented generation of ROS monitored based on L-012 CL in isolated mitochondria after the addition of 50 mM Ca 2þ in the presence of Pi and the substrate succinate. The generation of ROS by Ca 2þ /Pi was abolished by CsA, indicating that MPT is involved in this process. Inhibition of L-012 CL was also observed in the presence of SOD. Similarly, CsAsensitive generation of H 2 O 2 by Ca 2þ /Pi was observed using the Amplex Red/HRP system (Fig. 8B) . However, no significant effect was observed with SOD in this system.
Discussion
In the present study, we investigated the apoptotic signaling induced by A23187 in undifferentiated HL-60 cells. A23187 induced a rise in [Ca 2þ ] i even in the absence of extracellular Ca 2þ (Fig. 1) . Under normal conditions, A23187 induced a transient increase in [Ca 2þ ] i , possibly indicating pumping out to the extracellular space or sequestration of Ca 2þ into the intracellular organelles, including the mitochondria. A23187 also induced DNA fragmentation in a dose-dependent manner, while apoptosis was strongly suppressed by the addition of EGTA (Fig. 2) . These results suggest that both extracellular Ca 2þ and Ca 2þ from intracellular stores contributed to the increase in [Ca 2þ ] i , which appears to be a prerequisite for apoptosis in A23187-treated HL-60 cells.
MPT has been emphasized in the process of apoptotic and that of necrotic cell death resulting from cytoplasmic Ca 2þ overload. 3, 8) The opening of MPT pores is thought to be activated by the binding of CypD to the matrix side of ANT, one of the main MPT components in the inner membrane. 33) This binding is potentiated by mitochondrial Ca 2þ uptake. CsA potently inhibits MPT by binding to CypD, thereby blocking CypD from binding to ANT. 34) In this study, we measured the onset of MPT directly using the calcein loading-Co 2þ quenching technique (Fig. 3) . We also observed the change in ÁÉm, often used as an indicator of MPT pore opening. The observed onset of MPT perfectly coincided with the loss of ÁÉm, providing clear evidence that the depolarization was a result of MPT. CsA markedly prevented the induction of MPT coupled with ÁÉm alterations and subsequent apoptotic events in A23187-treated HL-60 cells (Fig. 4) . This apoptosis was also suppressed by another type of MPT inhibitor, bongkrekic acid, which directly inhibits the opening of ANT pores (data not shown). These results indicate that the intrinsic (mitochondrial) pathway through induction of MPT is implicated in this type of apoptotic cell death.
Penzo and coworkers 13) reported that an increase in [Ca 2þ ] i triggers activation of cytosolic phospholipase A 2 (cPLA 2 ) and the generation of arachidonic acid, which causes apoptosis through induction of MPT via a cPLA 2 inhibitor-sensitive mechanism. However, we observed that inhibitors of cPLA 2 , lipoxygenase, and cyclooxygenase (aristolochic acid, MK-886, and indomethacin respectively) had no effect on the induction of either MPT or DNA fragmentation (data not shown), indicating that arachidonic acid metabolism was not involved in the death of A23187-treated HL-60 cells.
ROS have been thought to the promote the death of various cells, including neutrophils. 7, 8, 17, 35) Major sources of cellular ROS include leakage from the mitochondrial electron transport chain as well as a number of ROS-generating plasma membranes and cytosolic enzymes. 6, 10, [35] [36] [37] In phagocytes, large amounts of ROS are produced during oxidative burst by the plasma membrane NADPH oxidase, a well characterized multicomponent enzyme that mediates host defense against invading microorganisms.
6) Activation of a nonphagocytic oxidase, phagocyte-like NADPH oxidase, has also been observed in various nonphagocytic cells treated with proinflammatory cytokines and compounds. 37) Previously, we reported that undifferentiated HL-60 cells also generate ROS in response to various stimuli. 19) In this experiment, we observed that A23187 induced the generation of extracellular ROS in undifferentiated HL-60 cells via a DPI-inhibitable mechanism (Fig. 5) . Similar results were obtained with apocynin (data not shown). Apocynin is a specific inhibitor of NADPH oxidase, as is DPI. 38) Since both of them inhibited A23187-induced generation of ROS, the activation of NADPH oxidase must have been responsible for the ROS. However, as shown in Fig. 7 , A23187-induced DNA fragmentation was not suppressed either by DPI or by SOD, which can reduce the levels of extracellular ROS. Furthermore, staurosporin, a protein kinase C inhibitor, strongly suppressed A23187-induced generation of ROS without suppressing the fragmentation of DNA (data not shown). These results indicate that A23187 stimulated the production of extracellular ROS in undifferentiated HL-60 cells, apparently by activating NADPH oxidase, whereas ROS in the extracellular space was unlikely to have been a trigger for the induction of apoptosis.
Augmentation of intracellular ROS levels was also observed in HL-60 cells treated with A23187, as determined by the DHE fluorescence method (Fig. 6) . Several lines of evidence indicate that Ca 2þ overload induces the opening of MPT pores accompanied by a burst of ROS. 9, 10, 39) The present study also indicates that A23187 caused a marked elevation of [Ca 2þ ] i , thereby 2þ , CsA, and SOD were 1 mM, 2.5 mM, 1 mM, 50 mM, 1 mM, and 10 U/ml respectively. B, Effect of Ca 2þ /Pi on the generation of H 2 O 2 as monitored by the Amplex Red/HRP system. HRP and Amplex Red were used at 1 U/ml and 20 mM respectively. The concentrations of other reagents were the same as described in A.
promoting intracellular ROS generation through Ca 2þ -induced MPT as observed in isolated mitochondria. Moreover, the suppression of intracellular ROS generation by pretreatment with PDTC resulted in an attenuation of A23187-induced MPT (Figs. 6 and 7) , suggesting that an antioxidant-sensitive pathway is involved in MPT. These results support a major role for ROS in the induction of MPT. The binding of CypD to ANT is a critical step in the process of MPT. The oxidative modification of critical thiol groups in ANT increased the affinity of this protein for CypD to induce MPT.
3) Since ROS are highly reactive and short-lived, their direct targets should be mitochondrial membrane constituents. In fact, as reported in a previous paper, 10) a cross-linkage of thiol groups in ANT was observed with mitochondria after opening of MPT pores. It should be also noted that Ca 2þ -induced generation of ROS in isolated mitochondria was inhibited by CsA, probably via its inhibitory action on mitochondrial respiration (Fig. 8) . 10, 40) These results suggest that generation of ROS increases before the onset of MPT, and that the ROS produced by mitochondria are an important factor in Ca 2þ -induced apoptosis. In this context, Petrosillo et al. have reported that Ca 2þ -induced generation of ROS by mitochondria induces dissociation of cytochrome c through oxidative damage to cardiolipin. 39) In addition, Li et al. have shown that the opening of MPT pores allows mitochondrial release of SOD1 as well as cytochrome c, thereby enhancing the generation of superoxide radicals in and around mitochondria. 41) These processes might increase the susceptibility of mitochondria to oxidative stress, leading to an amplification of MPT.
In neutrophils, phagocytosis promoted apoptosis by NADPH oxidase-generated ROS. 7) Both extracellular and intracellular ROS were observed in A23187-treated keratinocytes, and the oxidizing milieu due to these ROS induced cell growth but not cell death. 17, 42) Our data indicate that A23187-induced apoptosis in HL-60 cells was dependent on ROS generated by a CsA-sensitive MPT mechanism and was not dependent on extracellular ROS. The differences in the effects of ROS derived from various cells on cell death might be due to the amount and site of generation as well as the balance of antioxidative and pro-oxidative enzyme activities.
In summary, we found that treatment of cells with A23187 evoked apoptotic events, starting from a transient rise in [Ca 2þ ] i , followed by the opening of MPT pores. The increase in [Ca 2þ ] i caused by A23187 concomitantly stimulated the generation of both intracellular and extracellular ROS. Suppression of intracellular ROS levels inhibited the opening of MPT pores. Moreover, the potent MPT inhibitor CsA nearly completely inhibited the entire apoptotic process, although it had little effect on the transient [Ca 2þ ] i rise or on extracellular ROS generation. In isolated mitochondria, Ca 2þ caused the generation of ROS in a CsA-sensitive fashion. Hence, the data from this study indicate that the intracellular ROS generated from mitochondria by the A23187-induced rise in [Ca 2þ ] i is a potent proapoptotic signal and acts mostly on mitochondria to trigger the opening of MPT pores and subsequent downstream events in the apoptotic pathway. We conclude that A23187-induced apoptosis occurred through Ca 2þ -dependent MPT and not through the extracellular generation of ROS via activation of NADPH oxidase. The identification of molecular targets of Ca 2þ involved in the generation of ROS from mitochondria must be achieved through further study. Understanding this mechanism should provide insight into the mitochondrial electron transport chain and MPT as potential therapeutic targets in the treatment of diseases with disturbed Ca 2þ homeostasis.
